Objectives: Leukodystrophies are diseases of the white matter for which data concerning clinical characteristics, incidence, disease burden, and description of outcomes are sparse. The purpose of our study was to determine the incidence and most common types of inherited leukodystrophies in a population, the mortality and time course of deaths, common neurologic features in patients, and health care costs associated with leukodystrophies.
lysosomal diseases. [6] [7] [8] [9] [10] Characterization and treatment of leukodystrophies has been hampered by the failure to diagnose many patients, a lack of clinical outcomes data (such as morbidities and mortality), and no data on overall incidence or relative frequencies of different leukodystrophies. Incidence has been estimated in a very broad range, from 1:5,000 to 2:100,000 live births. 11 The purpose of our study was to determine the incidence and most common types of inherited leukodystrophies in a population, the mortality and time course of deaths, common neurologic features in patients, and health care costs associated with leukodystrophies.
METHODS Additional details of the methods can be found in e-Methods on the Neurology ® Web site at www.neurology.org.
Study design. We reviewed the medical records of all children who had been evaluated for a possible leukodystrophy between January 1, 1999, and December 31, 2007 . Follow-up for outcomes was from January 1, 1999, through June 30, 2009. We attempted to identify all patients who presented with a leukodystrophy over the 9-year time period. We searched records of children using a computer-based screen of International Classification of Diseases, Ninth Revision, Clinical Modification codes from pediatric neurology clinic billing records and hospital discharge diagnoses. A total of 664 unique possible patients were identified; 20 charts could not be located (figure e-1). The authors reviewed all 644 charts to determine whether a patient met inclusion and exclusion criteria.
Patients were included if they were younger than 19 years at their initial presentation for evaluation of their symptoms that led to the diagnosis of leukodystrophy; if they had brain MRI findings showing abnormalities of white matter signal consistent with the diagnosis of a leukodystrophy; and if the MRI results were obtained prior to determination of an alternative diagnosis not typically considered a leukodystrophy (for example, Rett syndrome).
Patients were excluded from the study if they had a known (past medical history) or likely reason for their leukodystrophy.
Standard protocol approvals, registrations, and patient consents. The study was approved by the Institutional Review
Boards of the University of Utah and Intermountain Healthcare. Written informed consent was obtained from patients (or their guardians) participating in the study for patients enrolled prospectively. Patients (and data) enrolled retrospectively had a waiver of consent (approved by the Institutional Review Boards).
Data collection and outcomes. Clinical, laboratory, and radiologic data were abstracted from the charts. Follow-up for outcomes ended on June 30, 2009. Data abstracted from Intermountain Healthcare's (IH) computerized database (Enterprise Data Warehouse [EDW]) included age and total hospitalization cost and charges. 12, 13 Hypodontia was defined as absence of dentition by age 18 months, and/or agenesis of 4 or more teeth. 14, 15 Deaths were identified through the EDW and through state health death records (Utah State vital records) by cross-matching patients using a unique electronic patient identification number.
The EDW incorporates data from the State of Utah Department of Vital Records, which identifies patient deaths occurring outside of IH facilities. This identification is done using a probabilistic matching algorithm. Deaths were also verified by examination of the patient medical record. Finally, we queried national death records (Social Security Database Index) 16 based on name and social security number. 17 Incidence was determined using birth rates collected by the Centers for Disease Control and Prevention 18 using a global mean per 1,000 live births for the years 1995-2005.
Statistical and cost analyses. Descriptive statistics were used to characterize the study cohort. Two-tailed p values for odds ratios were calculated using Fisher exact test. The patients were matched by unique identifier numbers to a summary table from the IH EDW, where their hospital-based encounter data provided costs, dates of service, and type of encounter (inpatient, ambulatory, emergency).
RESULTS
The identification of the study population is shown in figure e-1. We identified 664 patients with a possible leukodystrophy, of whom 122 patients met inclusion criteria (20 charts could not be found). Demographics of the 122 patients are displayed in table 1. Follow-up of the patients in the cohort ranged from 2.0 to 22.6 years, with a median follow-up of 9.2 years.
The average age at presentation to a physician for evaluation of an underlying neurologic complaint (most often developmental delay) of these patients was not until almost age 3 years (35 months) (table 2). Epilepsy was a common diagnosis (49% of patients) with a relatively early age at onset (4.0 years). Mortality was high at 34%, and average age at death was 8.2 years. The hospital and clinic costs of this cohort during the follow-up period were over $14 million, with an average yearly cost per patient of $22,579 (table 2).
A wide spectrum of MRI findings and clinical features was noted in the cohort (table 3) . Contrast enhancement on MRI was found in 8 patients, but in 3 of them no final diagnosis was found. Similarly, a hypoplastic cerebellum was noted in 17 patients, of whom 8 remained undiagnosed. Abnormality of the corpus callosum (either atrophic/thin or with white matter disease involvement) was common, involving 36% of patients. Only 9 of the patients with a hypoplastic cerebellum had concordant involvement (atrophy) of the corpus callosum. CT was performed on 61 patients; calcifications were found in 2 patients, 1 of whom had the clinical diagnosis of leukoencephalopathy with cerebral calcifications and cysts (table  4) . Lumbar puncture and CSF analysis was performed in 49 patients, none of whom had leukocytosis. The severity of the disease course is reflected in the developmental milestones achieved by the cohort; only 51% ever walked, and 28% did not achieve visual tracking. Endocrine abnormalities were found in 15% of patients (table 3); in some cases this was associated with known leukodystrophies (such as adrenoleukodystrophy or chromosome microdeletion syndromes). However, half of the patients with endocrine abnormalities (9 of 18) remained undiagnosed.
The most common disease diagnoses were metachromatic leukodystrophy (8.2%), Pelizaeus-Merzbacher disease (7.4%), mitochondrial diseases (4.9%), and adrenoleukodystrophy (4.1%) (table 4). In male patients, the most common diagnosis was Pelizaeus-Merzbacher disease (13% of male patients). Of note, in our cohort more than half (51%) of patients did not have a final diagnosis. This may in part reflect the historical nature of the cohort, since evaluation of these patients was often performed before recognition of certain disease entity types (such as vanishing white matter disease), or before genetic testing was available (as for Alexander disease). Also, in 3 cases patients have been assigned likely diagnoses although definitive biochemical or genetic testing is not available (table 4; 4H syndrome, hereditary spastic paraparesis, leukoencephalopathy with cerebral calcifications and cysts 19 ). Some familial clustering was noted: 3 families each had 2 patients with an unknown leukodystrophy, 1 family had 2 children with adrenoleukodystrophy, and 7 (of 10) patients with metachromatic leukodystrophy were from 2 families.
We also examined rates of epilepsy and death by age. The onset of epilepsy varied both by diagnosis and by age ( figure 1A ). Most patients who developed epilepsy did so in the first 2 years of life, of whom the largest proportion of patients never had a definitive diagnosis. Mortality showed a trimodal pattern, with elevated rates in the first 2 years of life, around age 8 years, and after age 14 years ( figure 1B) . Disease severity was also reflected in the high rates (32%) of developmental regression (table 2) .
To determine whether there were features that could predict mortality, we evaluated odds ratios for the risk of death for different clinical characteristics (table 3). We found that failure to achieve developmental milestones was associated with an increased risk for death, most significantly for inability to roll by age 6 months and inability to walk ever. The odds ratios (and 95% confidence intervals and p values) were as follows: require feeding tube 3.3 (1.5-7.0, p ϭ 0.0024); failure to roll by 6 months 3.4 (1.2-9.6, p ϭ 0.030); failure to sit independently by 1 year 1.6 (0.65-4.0, p ϭ 0.30); failure to hold object by 1 year 2.6 (0.96 -6.9, p ϭ 0.080); failure to walk ever 3.5 (1.6 -7.8, p ϭ 0.0021); and failure to feed self by 1 year 1.9 (0.63-5.5, p ϭ 0.31). However, epilepsy was not associated with an increased risk for death in this cohort (odds ratio 0.59; 95% confidence interval 0.27-1.2, p ϭ 0.19).
The variability in disease severity was also reflected by the cost data ( figure 1C ). Many patients had low total medical costs; roughly 50% of patients had total costs (for the duration of the study period) less than $30,000. However, about 10% of patients had costs greater than $500,000 per patient. Of the 6 patients with highest costs (greater than $500,000), 2 had bone marrow transplantation. However, 5 other patients in the leukodystrophy cohort had bone marrow transplantation and were not among the highest cost patients.
In order to calculate a population incidence, we used Utah births years 1995-2005, during which time the average live birth rate in Utah was 46,580/year. 18 Prior to 1995, and after 2005, there were significantly fewer cases per year (1-2) in our database. This was likely due to underascertainment for cases prior to 1995; after 2005, this may have been due to the average age at presentation (age 35 months), making it likely that patients would not yet have presented. There were 66 patients with leukodystrophy in the cohort born in Utah during this time period. Therefore, the incidence of leukodystrophies is 1:7,663 live births. DISCUSSION This study presents novel data concerning inherited leukodystrophies. First, the overall incidence is 1 in 7,663 live births. Second, mortality is 34%, with an average age at death of 8.2 years. Third, the most common determined diagnoses were metachromatic leukodystrophy, Pelizaeus-Merzbacher disease, and mitochondrial diseases. Among male patients, Pelizaeus-Merzbacher disease was the most common diagnosis. Finally, inherited leukodystrophies impose significant financial burdens, with average per patient per year costs of $22,579. Prior to this work, an accurate estimation of the incidence of leukodystrophies has been lacking. A study from Sweden determined the prevalence of progressive childhood encephalopathy at 0.6:1,000 live births (1 in 1,666), 20 but this study was not specific for leukodystrophies, did not include nonprogressive diseases, and was performed prior to widespread use of MRI. The leukodystrophy incidence in Germany was estimated at 2:100,000 live births, 11 but was likely an underestimation as it was a multicenter study and included a more limited set of diseases. Interestingly, our data would suggest a much lower rate of adrenoleukodystrophy (closer to 1:186,902 live births) than had previously been estimated. 21 Reasons for this discrepancy are not clear; possible reasons include lower rates of adrenoleukodystrophy in the Utah population, missed cases in our cohort, or that prior work was based upon data from a tertiary referral center. 21 Our incidence of 1:7,663 live births is likely an underestimation. This is because of the historical nature of this cohort (a time period during which brain MRI became part of the standard workup for evaluating patients with seizures or developmental delay, so earlier leukodystrophy cases could have been missed), because we did not reexamine patients with previously assigned diagnoses (such as multiple sclerosis), and because some patients with known leukodystrophies were excluded (because our inclusion criteria required a MRI). Nevertheless, this provides a substantively improved estimation of the incidence of inherited leukodystrophies.
Another key issue in leukodystrophy clinical care has been attempts to design rational testing strategies. Because leukodystrophies commonly present before clinical and radiologic features are obvious or reach their final disease-specific type, strategies for diagnosis based on MRI criteria are limited. 4,5 MRIbased diagnostic approaches also have not been tested for their sensitivity and specificity, and will likely be dependent on skilled MRI interpretation. Current MRI-based algorithms require that the patient be older than 2 years, but many patients present before this age, and the need to initiate therapies in the future will require early diagnosis. The complexity and limitations of an MRI-based diagnostic strategy is highlighted by our data. Specifically, we found that multiple different diagnoses may be encompassed within any given single MRI category (for example, the category of hypomyelination) (table 4) . Other novel approaches, using proteomics 22 or whole-genome sequencing, 23,24 so far have had limited application.
Our finding of high mortality rates in the first 2 years of life underscores the necessity of developing improved methods for diagnosis. This is especially important because currently half of these patients are not diagnosed (figure 1). Further, because some treatments (such as bone marrow therapy) are most successful when initiated in the presymptomatic stage, 6-10 early diagnosis is critical. However, early diagnosis of patients may be complicated by situations in which a patient has enzymatic or genetic evidence of a disease, but in which the natural history of progression (e.g., whether or not a patient actually will become symptomatic) of the disease is unknown. 25 We did find that failure to achieve developmental milestones was associated with increased risk of death. This could be predicted at an early age, by the failure to roll over by age 6 months. Of note, these findings are similar to other cohorts of children with neurologic impairment. 26 Our identification of the most common diseases presenting in this cohort suggests a logical testing strategy. Patients presenting with a leukodystrophy should be tested for metachromatic leukodystrophy and mitochondrial disease, and male patients should be tested for Pelizaeus-Merzbacher disease and X-linked adrenoleukodystrophy. These 4 disease categories account for 25.4% of the inherited leukodystrophies in our cohort. With improved recognition and testing, it will be interesting to see whether diseases such as vanishing white matter disease are encountered more frequently. It is also unknown whether some diseases may account for a larger proportion of cases but are not tested for because of atypical imaging or clinical presentations. For example, atypical subtypes of Alexander disease are now recognized. 27 An unexpected finding was that epilepsy was more widespread than is commonly expected for white matter diseases (in 49% of patients). Further, the onset of seizures was at a relatively young age (average 4.0 years, with the largest proportion of cases presenting before age 2 years), which is only 1 year after the average age at presentation.
In some of the undiagnosed patients we found MRI (contrast enhancement, cerebellar atrophy) or clinical features (endocrine abnormalities) that were relatively distinguishing, suggesting the possibility for uncovering novel subtypes of leukodystrophies. In addition, the relatively high rate of endocrine abnormalities, including hypothyroidism, sex hormone and growth hormone axis abnormalities, and diabetes, suggests that patients with leukodystrophies should have baseline endocrine screening performed.
The patients with leukodystrophy are severely affected by their disease: almost half required feeding tubes, and just over half were ever able to walk inde-pendently. This severity of neurologic impairment is reflected in the high health care costs. The total cohort cost over a time period of 10.5 years was $14 million, with an average per year per patient cost of $22,579, not including outpatient therapies. A small proportion of patients (about 10%) accounted for a disproportionate share of the costs, with average per patient costs of Ͼ$500,000. Interestingly, half of these patients (those with costs Ͼ$500,000) had metachromatic leukodystrophy, and the other half of these patients did not have a final diagnosis. Further, a third of this high-cost cohort died during the study time period. The requirement for bone marrow transplantation is not alone sufficient to account for the high costs incurred by some patients, as only 2 of the 6 patients with the highest costs had bone marrow transplants.
Strengths of this study include the large cohort size and the extended follow-up (over 10 years). Our inclusion criteria evaluated for all patients initially presenting with a leukodystrophy, since we used MRI findings as our chief inclusion criterion. This led to the inclusion of some patients not historically considered leukodystrophy patients, as in mitochondrial disease or Rett syndrome. However, this representation of the spectrum of leukodystrophy more accurately reflects the actual clinical cases encountered in practice.
Also, we had the ability to comprehensively track and identify patients for subsequent outcomes because a significant majority of pediatric patients in Utah are cared for by the same health care system, which maintains records in an electronic format. Further, the study hospital is the sole tertiary care pediatric hospital in Utah, and receives referrals from neighboring states. We were also able to track patients by their referrals to the pediatric neurology clinic (there is only one other pediatric neurologist in Utah), as well as evaluate for any deaths through 3 separate sources (the IH database, Utah vital statistics records, and the Social Security Database Index).
There are several limitations to this study. First, data were collected retrospectively. This affected determination of diagnoses since some tests, such as for Alexander disease or for mutations in the MCT8/ SLC16A2 gene, 28, 29 were only available partway through the study time period. Second, we excluded some patients with definitive or likely leukodystrophies (e.g., positive test result for metachromatic leukodystrophy) who did not have a MRI. Third, patients diagnosed with multiple sclerosis and other disorders were not further evaluated to determine whether an erroneous diagnosis had been given. Therefore, it is probable that we have underascertained the true incidence of inherited leukodystro-phies. Finally, this cohort of patients with leukodystrophy has an ethnic background which is predominantly northern European. The relative prevalence of leukodystrophies may be affected by the population makeup or founder effects. It will be important for future studies to determine rates of leukodystrophies in other populations (such as African or Asian).
